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EXPERINMENTAL INVESTIGATION OF ENTRANCE-REGION
HEAT-TRANSFER COEFFICIENTS
By Upshur T. Joyner

SUMMARY

Exverimental results of tests made at the Langley
Memorlal Aeronautical Laboratory are presented to show
how reet~transfer coefficlents can be increased by a
method utllizing the righ rate of heat transfer known
to exlst on any heat-transfer surfuce in the reglon
adjecent to the edge on wnich the cooling or heating
fluld lmpinges.

The results show that, for the same pressure drop,
the average surface heat-transfer .coeffliclent can be
Increassd 50 to 100 percent when a cooling surface having
a length of four 1nches Ir the dlirectlon of fluld ITlow
1s cut to form twsenty filns with a length of 0.2 inch 1In
the direction of fluld flow and the fins are sharpered
end staggered 1n the alr streamn. The w»ercentage of in-
crease In the surface haat-trunsfer coefficlent obtalned
as a result of shortening th= lenasth of the coolling sur-
face varies wlth the pressure drop of the cooling fluld
in passing the surface, the Increase helng largest when
small pressure drop 1s used and sirallsst when high pres-
sure drop 1ls used.

INTRODUCTION

The problem of designing heat-transfer sarfaces for
use in alrplanes is complicated by the necesslity for low
welght and small volume of the conling unit. There are
a number of ways of achleving low welght and small volume
by increasing the local heat-tranafer coefficient and
consequently decresasing the cooling surface required.

For example, the veloclty V of the flulds passing over
the heat-transfer surfaces may be made very hligh. Because
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the heat-transfer coefflclent varles approximately as
VO'8 and the pressure drop varles approximately as

Va'o, thlis solution leads to excessive pressure-drop
requlrements and large »nower expenditures for pumplng
flulds through the heat exchanger. This method 1s,
nevertheiess, lnvarlably used where heat transfer In an
existing unlt is increased. Airother way of increasing
the heat-Lransfer rcoefficlent 1s to insert turbulence
producers in the pnuasages of the hs2t exchanger. Colburn
(referencs 1) has reported that such turbulence producers
are beneflcial at Zow-velocity flow through the exchanger
but that, &t nIgher speeds, the rs%tio cof heat transferred
to vower requlred become:s smaller than In a plain passage.
This method 1s not sultable for uss iIn alrcraft heat ex-
changers, where the velaclty of flow of fluld through the
heat exchanger 1s alway:s hi.a.

The local heat-itransfer coefrlceient mey be Increased
by decreasling the hjyaraulic radius of the flow paasages
through the heat oexchanger. Manufacturing difflzultles
Increase greatly, howevar, as nassafeways &are mede smaller
end some system of rfurthsr lwuproving heat transfer for
any glven practlicable alze of vassszeway 1s of Interest.
Such & sycstem designated the multinle-entrance system 1s
renorted hereln. Mussalt (reference 2) showed many
years &go now the heat-transfer cocfflcient varles with
passage length, but 1little practlcal use has evidently
been made of his analysls. Korrls and Spofford cor-
roborated the theoreticul analysis of Nusselt in an ex-
tensive investigation nresentcd In reference 3 and the
tests nresented of the multinle-entrance system further
conflrm thls theory.

STMBOLS

hi friction factor Ap D_
a Ix

- “
Nu Nusselt numbder L

R Reynolds nunber e%%a
D hydreulic dlameter, feet (F cross sectional area
wetted perimeter

h surface heat-tranafer coefficient, Btu per second
per square foot per °F
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k thermal conductivity of air, Btu per second per
square foot per OF per foot

L length of individual heat—transfer passage, feet

q dynamic pressure of air flowing through heat-trans-
fer passage, pounds per square foot %DV%

v average velocity of air flowing through heat-trans-

fer vassage, feet per second

X over-all length of finned surface tested, feet (L in.
in these tests)

Ap over-all nressure drop ascross finned surface tested,
pounds per square foot

I viscosity of air, slugs per foot per second

P mass density of air, slugs per cublic foot
ST METHODS AND ANALYSIS

Al). the tests described herein were made on flat,
electrically heated finned surfaces. Models were con-
structed in the NACA physical research laboratory. The
spacing between fins on all models was 1/8 inch, the fin
thickness was 1/32 inch, and the fin width, 1 inch. Five
fin lengths varying from l. inches, which gave an L/D of
15, to 0.2 inch, which gave an IL/D of 0.9, were used.
The fins were made of conper. I'igure 1 shows the multiple-~
entrance system with fin lengths of 0.5 inch. In all
models except the one with the li-inch fin length, the suc-
ceeding rows of fins were staggered as shown in figure 1.

The total heat transferred, the fin-base temperatures,
alr temperatures, pressure drop, and guaentity of air flow
were measured for egceh of the five fin lengths. From
these measurements, local heat-transfer coefficient, Nusselt
number, 3synolds number, and friction factor were calculated.

According to Nusselt's analysis (reference 2), the
heat-transfer coeffisient is very large at the entrance
of a heat-transfer vassage and decreases with increasing
distance down the tube to the final value for fully es-
tablished flow. The reason for this large heat transfer
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at entrance is that the temperature gradient at the wall
is large near the entrance.

The multiple-entrance system for improving-heat trans-
fer takes advantage of the thin boundary layer and the
large temperature gradient at the wall and the consequent
high rate of heat transfer known to exist in the entrance
region of fluid flow over a surface. As the fluid pro-
gresses along the surface, the layers next to the surface
are retarded by surface friction and a thick boundary
layer develops through which all heat transferred must
travel by conduction. In established turbulent flow,
there is an exchange of fluid and, hence, of heat between
the boundary layer and .the main fiuid stream. This ex-
change of fluid accounts for the fact that the heat-
transfer coefficient is higher in turbulent flow than in
laminar flow. In the multiple-entrance system for heat
transfer, the heat is transferred, partly by turbulence
and partly by conduction, through the boundary layer, and
the boundary layer is kept very thin by using short
lengths of cocoling surface. Inasmuch as each small sur-
face is dispvlaced relative to the one shead of it, the
coolest fluid available is brought in contact with the
surface and, consequently, the maximum heat is transferred.

When any arrangement that gives very high heat-
transfer coefficients (for example, the multiple-entrance
system) is used, the length of path of the fluid flow
must be kept reasonably small in order that the fluid may
not heat excessively and a large temperature difference
may be kept available for cooling. The ccoling effective~
ness of the surfaces must be kept large and the surfaces
should be shaped fo allow reasonavly undisturbved flow of
the air,

RESULTS

The results of the tests are given in figures 2, 3,
and . In figure 2 is given the variation of Nusselt

“number with Reynolds number. The results in this figure

show the Nusselt number (and heat-transfer coeffilcient)

to be increased as fin lengths are decreased. The large
increase in heat transfer shown in figure 2 is accompanied
by a corresponding increase in friction factor (flg. 3).
Figure I is obtalneo from the same deta as figures 2 and

3 but is presented in a form' that shows the increase in
heat-transfer coefficient to be derived by decreasing the
value of IL/D while pressure drop is kept constant.
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In figure L, lerge gains in the local heat-transfer coef-

. ._Flclent, of the order of 50 to 100 percent, are seen to

be attalned by the relatively simple means of reducing

the currently used TL/D of 20 or more to an L/D of
about 1. Uniform temperature over a surface may be ob-
tained by so adjusting the value of L/D at each polnt
that the required value of local heat-transfer coefflclent
is obtalned.

APPLICATIONS

The multiple-entrance heat-transfer arrangement can
be advantageously applied in numerous lnstances. For
use 1n heating or coollng any solid surface by a fluld,
such as a cylinder of an alr-cooled alrcraft engline, the
heat-transfer surfaces would e in the form of indirect
coollng surfaces, such as fins attached to the outsilde
of the cylinder. The ratio of length to thlckness of
a cross section of these lndirect cooling surfaces should
be not less than 5 or 6 and tlie length of fluid path
through the fins should be kept small by providing several
places for entrance and exlt of the conling alr.

This arrangement may also be arpllied in a heat-
transfer unit of which both the cooled aad the coollng
fluids are gases. In this case, an arrangement such as
that shown in flgure 5§ could be used. The princlipal
heat-transfer surfaces would be of the 1lndlrect coollng
type and would be made of thin sheet metal, such as 1l1s
at nressent used in this tyme of construction.

In a heat-transfer unit of which one of the fluids
is a 1liqulid and the other a gas, nszarly all of the re-
slstance to heat flow 1s betwecen the gas and the heat-
transfer surface when the 1iquid has high thermal con-
ductivity and low viscosity. Tn this case, the multiple-
entrance arrangement of heat-transfer surfaces would
probably be applied only to the passages through which
the gas travels, as in the method indlcated for the gas
to gas heat exchanger. If, however, a 1liquld, such as
0l1l, has low thermal conductivity and high viscoslty and
1f a considerable part of the over-all thermal reslstance
1s consequently between the ligquid and the heat-transfer
surface, the pronosed arrangement could be advantageously
used 1n all fluld passages.
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CONCLUSION

The results show that the value of the local heat-
transfer coefficient for a zglven hydraulic radlus may be
increased 50 to 100 pernent by use of a large number of
short-length staggered surfaces instesd of one large sur-
face. It was shown by Nusselt and has been »roved by
these and other tests that & surface wnich is to &all
practical purnoses ovperating as an entrance regilon wlll
have a ihin boundary layer and consequently low re-
glstance to neat transfer.

The multliple-cntrance system of heat-transfer sur-
faces 18 not suggested as the remedy for all cooling
troubles, but 1t is thought that deslgners will fiand many
places In which thls tyne of surface can be used to advan-

tage.

Langley Wemorlial Aeronautical Laborstory,
NMational Advisory Committee for Aeronautics,
Langley ileld, Ve.
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NACA Figs. 1,5

Figure 1l.- Multiple-entrance heat-transfer system
with 0.5 ineh fins.
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Figure 5.- Method of using staggered heat-transfer
surfaces in a cross-flow heat exchanger.
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